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The  giant  nerve fiber of  the  squid,  Loligo pecdii, has  gained  considerable 
importance  in  modern  nerve  research  as  a  large,  readily  accessible  single 
peripheral nerve fiber, ideally suited for investigations of the basic functional 
and  structural  properties  of  peripheral  nerve.  Optical,  electrophysiological, 
and related studies carried out in recent years on this fiber have contributed 
significantly to a  better understanding  of nerve architecture and of the proc- 
esses underlying  impulse propagation.  From this  clearer insight  arose an in- 
creased interest also in the chemistry of this model nerve fiber as it became 
apparent that, f6r the confirmation and the extension of the evolved theories, 
more chemical information was needed concerning the substances thought to 
be responsible for or involved in the observed physiological processes. 
Axoplasm of the squid giant fiber can be extruded and separated from the 
sheath and a  direct unambiguous chemical analysis made of its constituents. 
This  avoids empirical corrections  to  account for contamination and  dilution 
by  extracellular  material,  as  is  necessary  when  analyzing  whole  nerves  or 
bundles of fibers. 
A chemical study of squid axoplasm was undertaken first by Bear and Schnaitt  (1). 
Concentrating on its biologically most important and quantitatively dominant ionic 
constituents they showed that the total base, mostly K and Na, was balanced only to 
a  minor extent by inorganic  anions.  Their findings  suggested that the major anion 
fraction must consist of organic acids,  which account for a large portion of the total 
axoplasmic solids  and  the  average equivalent weight of which  must be near  100. 
Subsequent work of the  same group  (2-4)  demonstrated a  similar inorganic anion 
deficit for lobster nerve. Chemical analysis of this material revealed a high concentra- 
tion of aspartic acid. Whereas this acid did not appear to account for the entire anion 
deficit in the lobster nerve, Lewis (5) more recently was able to show that the high 
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aspartic acid concentration, characteristic of all invertebrate nerves investigated, sub- 
stantially established  acid base balance  in crab nerve.  Although  these results were 
highly suggestive of the possible identity of the postulated organic acid in squid axo- 
plasm,  the question of the exact size of the anion deficit and the nature of 'the acid 
remained to be answered unequivocally by a direct quantitative and qualitative study 
of the complete anion pattern of squid nerve axoplasm. The concentrations of potas- 
sium and sodium in squid axoplasm have been measured very reliably by Steinbach 
and Spiegelman  (6) whose values  are in good agreement with those of Keynes and 
Lewis (7) obtained more recently by a different method. The general chemical infor- 
mation has been extended by Maxfield's (8) elaborate study of the axoplasmic proteins 
and McColl and Rossiter's (9) detailed analysis of the lipide fraction. Various studies 
concerned primarily with the enzymatic and metabolic pattern of squid nerve have 
provided some scattered additional chemical data. 
The present  study attempts  to extend and  correlate the  general chemical 
picture,  specifically to  elucidate  the  important  anion  pattern.  Our  compre- 
hensive analytical investigation provided, besides the specific answers sought, 
clues to the presence of other significant and typical axoplasmic constituents 
which were investigated because of their potential importance for nerve func- 
tion. Valid correlation of quantitative data demanded their determination or 
confirmation in comparable material or, possibly, in one and the same prepa- 
ration. This required establishing  well controlled preparation and processing 
procedures,  devising  of  new  appropriate  fractionation  and  characterization 
techniques, and adoption of sensitive micro assays.  The major findings con- 
cerning  the  anionic  constituents  were  reported previously in  a  preliminary 
fashion (i0); it is the purpose of the present paper to give a full description of 
all  our  experimental  techniques  and  results. 
EXPE~OrRNTAI, 
Preparation of the A~coplasm 
The giant dorsal nerve fibers of the common squid (Loligo pealii) were dis- 
sected from the mantles of freshly killed animals, cleaned of connective tissue 
in  chilled flowing  sea  water,  rinsed  by  quick  immersion  in  distilled  water, 
blotted on filter paper, and placed on a paraffin covered slide (8). The axoplasm 
was  extruded by rolling a  glass  rod along  the fiber. The gelatinous drop of 
axoplasm was transferred, with a  pair of forceps, into an ice-cooled vial con- 
taining distilled water. The contents of 40 to 100 nerves, representing a  day's 
catch, were pooled. The exposure to sea water of the isolated nerves, processed 
on large scale by a dissection team, could be controlled and limited to 30 to 40 
minutes by timing the processing of consecutive batches of 5  to 10 animals. 
Excessive loss of intracellular diffusible constituents in exchange for sea water 
ions  was  thus  prevented.  Extensive rinsing  of the  nerves in  distilled  water 
caused swelling of the nerves and loss  of diffusible constituents. BERNARD  A,  KOECItLIN  513 
The axoplasm, dispersed in distilled water to form a slightly turbid solution, 
was adjusted to a volume of 1 ml. per 10 nerves (5 to 10 ml. solution per pool). 
It was freed of undissolved material by spinning for 10 minutes at l0  s mp.x~. 
in the Spinco preparative centrifuge. The sediment represented 5 to 8 per cent 
of the total proteinaceous material and was discarded. 
Determination of Water, Total Solid, and Nitrogen Content 
The wide discrepancy of the available data (1, 11) called for a more accurate 
redetermination  of  these  fundamental  reference  values. 
A  covered wide necked  weighing  flask  containing  1 ml.  of  distilled  water 
was tared to 0.1  rag. on a  chainomatic balance set up next to the dissection 
table. The freshly extruded drop of axoplasm was placed with a  pair of forceps 
TABLE I 
Nitrogen, Dry Weight, and UV Extinction Factor  f Axoplasm 
Expejiment  Wet  No. of  Dry  Per cent  Nitrogen rag.  E  at 270 m/J 
weight  nerves  weight  solid  ~r  gin. of  perlg~  in  ~o.  "  wet weight  . 
2 
3 
4 
mg. 
34.5 
30.3 
29.2 
30.1 
10 
11 
6 
5 
mg. 
3.92 
4,36 
3.80 
3.89 
11.5 
14.3 
13.0 
12.9 
6,46 
7.71 
7.76 
116 
147 
131 
132 
Average  .....  13.4  7.73  137 
* Nerves rinsed in distilled water. 
on the inside wall of the flask, which was opened for exactly 10 seconds. The 
closed flask was reweighed.  A  total of ca. 30 rag. of axoplasm from ca.  6  to 
10  nerves was accumulated  and  weighed  in  this  fashion.  The weight  of the 
water which evaporated from the opened flask and from the axoplasm during 
each 10 second transfer period was determined and a corresponding correction 
applied. The content  of the flask was brought  to 2  ml. with distilled  water. 
Duplicate aliquots of 0.7  ml. of  this  solution  were  placed  in  tared  ampules, 
lyophilized, and dried at 65°C. in vacuo to constant weight. The dry weights, 
determined on a  Becket semimicro balance, checked within 0.02 rag. or 2 per 
cent. Drying at 120  ° at normal pressure led to decomposition and to less re- 
producible, lower dry weights. The remaining 0.6 ml. was diluted to 2 ml. and 
0.3  ml.  aliquots  of  this  dilution  were  subjected  to  the  ultra  microdittusion 
nitrogen assay of Kirk (12). The UV absorption spectrum and the maximum 
extinction value of this dilution were determined with the Beckman DU spec- 
trophotometer using Lowry-Bessey (13)  type micro cells. The results obtained 
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Nitrogen and dry weight factors were constant for axoplasm prepared under 
standard conditions.  The total quantity of axoplasm  in any given pool and 
hence  the  original  concentration of  any  individual component  determined 
therein could thus be established  by nitrogen or dry weight determination. 
Separation of the High and Low Molecular Weight Fraction 
(a)  Dialysis  as a  means of separation was  applied  when both the low as 
well as  the high molecular  weight  fractions were  sought in unchanged and 
uncontaminated form for detailed  studies. 
Four to 5 ml. of dissolved axoplasm was placed in a prewashed ~  inch tubing 
knotted tight at the bottom end and fitted at the top opening with a  glass 
sleeve through which  the solution  was readily introduced or  withdrawn and 
which was dosed, under pressure,  during dialysis. The tubing, hanging from 
a rotating stirring motor into the container with the distilled  water, acted as 
a stirrer.  Agitation of the inside solution was provided by a floating rod being 
thrown around inside the somewhat  eccentrically  rotating tubing.  Tests car- 
ried out with standard amino acid solutions indicated that equilibration  was 
achieved by this procedure  within 6 hours.  Axoplasm was equilibrated  three 
times at 4°C. against 500 ml.  of distilled water containing a trace of thymol. 
In order to prevent irreversible precipitation of certain pH-sensitive  proteins, 
the pH of the dialysate was kept above  6  by expelling dissolved  CO~ by a 
steady stream  of nitrogen.  The  combined  dialysates were  concentrated by 
lyophilization. 
Fractional dialysis experiments  were carried out to determine the degree of 
interaction  of  the  dialyzable  components  with  the  high  molecular  weight 
moiety. They consisted of repeated dialytic equilibration  of axoplasm  with a 
tenfold volume of distilled water and subsequent  testing of the content of the 
individual successive dialysates for total solid or specific constituents as UV- 
absorbing  and amino constituents. They indicated that, because  of existing 
protein interaction, repeated equilibration  against large outside volumes was 
necessary for complete separation of all the low molecular weight constituents. 
(b)  Trichloracetic Acid  (TCA) Precipitation  permitted  rapid  and  complete 
extraction of the  low  molecular  weight  components,  including  the  protein- 
bound ionic  constituents and their separation from interfering enzymes.  To 
the ice cold solution of fresh axoplasm was added an equal volume of cold dis- 
tilled  20 per cent aqueous  TCA.  The precipitated proteins were centrifuged 
and washed  twice with 5 per  cent TCA solution.  The combined  supernates 
were either neutralized or freed of TCA by evaporation at 90°C. 
(c)  Ethanol Extraction.--The low molecular weight fraction could be readily 
extracted with 60 per cent ethanol at -  10°C. The precipitate was centrifuged 
and re-extracted twice  with 60  per  cent ethanol. The  combined  supernates 
were evaporated. A minor fraction of co-extracted  proteinaceous  and lipide 
material was removed readily on subsequent  fractionation. Ethanol extraction BERNARD A.  KOECHLIN  515 
proved most convenient in preparing larger quantities of the  organic anion 
fraction. 
Seventy-two per cent of the total axoplasmic solids passed into the dialysate 
on exhaustive dialysis; a somewhat larger fraction was found to be extractable 
with TCA. 
Components of the Low Molecular Weight Fraction 
Free Amino  Acids.--The  average total concentration of dialyzable amino 
nitrogen,  as  determined by the quantitative ~inhydrin assay of Moore and 
Stein (14), was found to be 245  -b  20 micro equivalents per gin. of wet axo- 
plasm and to account for 80 to 85 per cent of the total dialyzable nitrogen. 
TABLE II 
Concentration of Free Amino Acids in S~uid Axoplazm and Muscle 
(Micromoles  per gin. of wet tissue) 
Component 
Aspartic acid 
Glutamic acid 
Taurine 
Glycine 
Alanine 
Serine 
Proline 
Others 
Axoplusm dialysste 
No. SO5/20 
62.5 
13.5 
77.0 
14.0 
9.0 
5.7 
60-4-  10 
TCA extract 
N0. SO 3  No. SO S/7 
65.0  68.0 
10.1  25.0:~ 
75.0  105.05 
Muscle dialysate" 
3.0 
2.5 
74.0 
28.7 
23.5 
5.0 
15.0 
80 -4-  10 
* Values of Parker (17) recalculated for an intracellular space of 80 per cent. 
:~ Double peak. 
The data obtained on fractional dialysis indicated that protein interaction of 
these amino compounds (mostly amino adds)  is relatively small.  Qualitative 
characterization of the amino acids was  achieved by two dimensional paper 
chromatography on  Whatman  No.  1  filter  paper.  The  solvent  system  1:1 
collidine:lutidine acid  and  phenol-water  of Dent  (15)  revealed  two  intense 
spots  having Rs  values  characteristic for aspartic  acid  and  taurine,  respec- 
tively. A weak glutamic acid spot was also recognized. An extract which had 
been  subjected  to  acidic hydrolysis gave an  identical pattern.  These major 
amino  acids  were  determined  quantitatively  by the  ion  exchange  chroma- 
tographic  procedure of Moore and  Stein (16)  on aliquots  containing 4  to 7 
micro equivalents of total amino nitrogen. Being primarily interested in the 
base-binding acidic amino acids and those found previously to be present in 
nerve extracts (4, 5), we confined our analyses to the amino acids which are 
eluted with the pH 3.42  citrate buffer. The values obtained from two inde- 
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gave rise to two additional peaks, both possibly TCA-soluble peptides, one of 
them partially overlapping with glutamic acid  and  the other coinciding with 
the taurine peak. 
Phosphates.--Phosphate  was determined by the method of Lowry and Lopez 
(18)  which permits differentiation between  free and acid-labile phosphate.  A 
micro modification was adopted measuring 0.3 to 4 ~/of P. 
The total axoplasmic P  as well as the total high and the total low molecular 
weight P, as separated by dialysis, was determined on solutions of known dilu- 
tion over original axoplasm. For the determination of the individual low molec- 
ular  weight  phosphates  axoplasm from  20  to  40  nerves  was  frozen  imme- 
TABLE III 
The Distribution of the Phosphate Fractions in Squid A xoplasm 
(Micromoles per gm. of wet axoplasm) 
Fraction  Total  axoplasm [ 
Total phosphate ...................  24.4 
High molecular weight ...........  7.6 
Low molecular weight ............ 16.6 
Free ..............................  , 
Acid labile*  ........................ 
7' acid labile phosphate ............ 
ATP-phosphate ................... 
ATP ............................. 
Other bound ...................... 
Total bound ...................... 
TCAextract  ] 
601~r cent ethanol,[ 
pH4 extract 
i 
Dialysates 
16.6 
7.4 (8.4).  + 
4.0 
6.0 
2.0 
3.2* 
9.2 
14.4 
7.2 
0.2 (1.2)~ 
2.2 
3.3 
1.1 
3.9* 
7.2 
7.7-12.0 
* By difference. 
:~ Figures in parentheses indicated extract after 24 hours' exposure to free TCA. 
diately  after  extrusion  to  prevent  enzymatic changes.  It was later  thawed, 
diluted to 2 ml. with cold distilled water, and extracted quickly as follows: one 
aliquot of 1 ml. was added to  1 ml. of ice cold 20 per cent TCA, the precipi- 
tated proteins were separated by short centrifugafion.  Aliquots of 0.3  nil.  of 
the supernate were adjusted  to pH 4  by addition of 0.105  ml. of 2 N sodium 
acetate.  A  second  aliquot  of 0.5  ml.  was  extracted  at  pH  4  by addition  of 
0.3 ml. of 0.1  N acetate buffer, precipitation of the proteins with 1.2 ml. abso- 
lute  ethanol  at  --10°C.,  and  their  separation  by short  centrifugation.  Both 
the TCA  extract and  the pH 4  ethanol extract were assayed immediately for 
free phosphate,  acid-labile phosphate representing  the  difference  of  the  two 
values. The extent of phosphate liberation by TCA was determined by measur- 
ing free phosphate in the same TCA extract neutralized 24 hours after extrac- 
tion.  Pyrophosphate phosphorus  was determined  as  the phosphate liberated 
on reflux for 7 minutes with N HC1. For total phosphorus assay, aliquots of the BERNARD  A.  KOECHLIN  517 
extracts were digested for 30 minutes with 0.1 mi. of concentrated sulfuric acid, 
one drop of concentrated hydrogen peroxide being added towards the end of 
this period,  the digest being adjusted to pH 4 with 2 N sodium acetate pre- 
ceding phosphate assay. The distribution of the phosphate fractions as deter- 
mined on two or more independent preparations is given in Table III. The very 
low value for acid-labile phosphate suggests that the phosphagen phosphate is 
split off during dissection and found as free phosphate. 
I  I  I  I  I 
500 
400 
300 
200 
LO 
I  I  I  I 
6  7  8  9  I0  II  12 
pH 
FIG. I. Titration curve of the total  cations of squid axoplasm (anion exchange eluate  di- 
luted to 0.01 normal). 
Total Cation and Anion Cor~entration 
These were determined by the ion exchange titration procedure reported in 
detail elsewhere (19). Aliquots of dialysate from 10 to 20 rag. axoplasm, con- 
taining ca. 5 to 10 micro equivalents of total salt, were passed  through small 
cation and anion exchange  colllrnns and the eluates were  titrated potentio- 
metrically. In Figs.  1 and 2 are shown characteristic  titration curves  of the 
total anion and cation which  were obtained. 
Ckloride  was determined by a micro adaptation of the diffusion method of 
Conway (20) measuring 0.08 to 0.32 micro equivalents  of chloride. Individual 518  AXOPLASM  O~  SQUID GIANT NERVE  FIBERS 
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FIo. 2. Titration curve of the total anions minus dipolar anions of squid sxoplasm (cation 
exchange eluate diluted to 0.01 normal). 
Cation 
Potassium 
Sodium 
Calcium 
Magnesium 
Total inorganic cation 
Total base 
Organic cation deficit 
TABLE IV 
Concsntfation of Inorganic Cations in Squid Axoplasm 
(Microequlvalents per gin. of wet axe tlasm) 
To~laxoplasm 
(a)* 
344~  15 
65  ±  15 
7~-  2 
204-  6 
436  -4-  20 
520  -4-  20 
84~-  20 
i 
TCA  extract 
(~)~ 
325 
99 
424 
325 
46 
372 
(#)~ 
287  -4-  15 
86  -4-  10 
373  -4-  20 
d~lysste 
296  -4-  15 
91  -4-  I0 
387 ~  20 
i 
* (a)  By multichannel flame photometry, design of Dr. B. L. Vallee (26). 
(b)  Values by Steinbach and Spiegelman (6). 
§  (c) Values  by  Keynes  and  Lewis (7). 
¶ (d) By Beckman micro  flame  photometer,  design  of  Dr.  K. Gardiner  (27). BERNARD  A.  KOECtILIN  519 
extracts revealed chloride  concentrations of 110 to 155 micro equivalents per 
gm. of wet axoplasm. These values appear to be significantly  higher than those 
reported previously (6, 7). The reason for this discrepancy appears to be either 
contamination  with  extraneous  chlorides  during  preparation  or  exchange  of 
intra-  and  extracellular  ions during,  or possibly previous to,  dissection,  the 
latter  being consistent with  the relatively high  sodium values obtained and 
given  in  Table  IV. 
Investigation of the Remaining Anion Fraction 
(a)  By Ion Exckange Precipitation.--The  anions other than chloride,  phos- 
phate,  and acidic  amino acids were determined, separated, and characterized 
by the ion exchange precipitation method discussed  elsewhere (19). A protein- 
free extract from 400 to 800 mg. of wet axoplasm was passed through a column 
of 250 rag. dowex-50 cation exchange  resin  (200 to 400 mesh,  capacity 380 mi- 
cro equivalents/100 mg.)  the top 100 nag. being in the silver  and the rest in 
the hydrogen form.  The  cations and  the amino  acids,  except taurine,  were 
bound; chloride  and phosphates were precipitated as silver  salts and retained 
by the column. The "remaining" anions and the neutral components contained 
in the acidic  eluate were separated by means of a  second column consisting 
of 200 mg.  of the weak anion exchanger,  amberlite  IR45  (total capacity of 
200 micro equivalents acid), which retained the anions selectively. On washing 
with an adequate volume of water the neutral constituents, including  taurine, 
passed quantitatively into the eluate. The retained "remaining"  anions were 
eluted quantitatively with 2.5 to 3 ml.  of 0.2 normal NaOH followed  by an 
equal volume of  distilled  water,  directly  into  a  third  column  consisting  of 
500 mg.  dowex-50-H resin (capacity of 1.8 milliequivalents)  which exchanged 
sodium ions,  neutralized excess base, and released the "remaining"  anions as 
free acids. Their quantity and the titration curve (Fig. 3) were determined by 
potentiometric titration of an aliquot.  In a  typical experiment starting with 
200  axons,  yielding  780  mg.  of wet axoplasm  (397 micro  equivalents  total 
base), 195 micro equivalents of total "remaining"  anion were obtained. Sepa- 
ration  of the polycarboxylic acids was achieved by passing the "remaining" 
anion fraction, following its concentration to a small volume, through a dowex- 
50 cation exchange colnmn  containing the top 200 rag.  in the mercury com- 
bined form, the bottom 100 rag.  in the H  form. The retained polycarboxylic 
acids,  to be referred  to as  "Hg acids,"  were recovered from the column by 
elution  with  aqueous hydrogen  sulfide.  Both  fractions  were  measured  and 
characterized by potentiometric titration  (Fig.  3). The precipitated Hg acids 
represented 14 to 20 per cent, the not precipitated "Hg eluate" 80 to 86 per 
cent of the total remaining  anion  fraction. 
(b) By  Paper  Ckromatograpt~y.--For further  characterization  of  the  "re- 
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tion were subjected to paper chromatographic analysis using  the method of 
Martius  and  Nitz-Litzow  (21).  The solvent was  prepared fresh before each 
run by equilibrating equal volumes of butanol with a  half saturated aqueous 
solution of SO~ (0.9 normal) and run by capillary rise (22). Aliquots containing 
1 to 3 micro equivalents of standard acid were chromatographed on Whatman 
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FxO. 3. Separation of the "remaining anion" fraction of squid ~oplasm by ion exchange 
precipitation en a lead-dowex-50 column. Squares,  remaining anion; triangles, polyearboxylic 
acids ("lead acids"); circles, isethionic acid ("lead eluate"). 
No. 1 filter paper. After 2 hours' drying at room temperature, rather than at 
80°C.,  the developed chromatograms were sprayed with indicator,  the acidic 
spots marked, measured, cut out, and extracted with 3 ml. of distilled water. 
The extracts were titrated with 0.1  N NaOH using a  misco microburette (ca- 
pacity 0.1 ml., accuracy 0.3 lambda). By applying correction factors for our low 
but constant recoveries on untreated Whatman No.  1 paper the quantity of 
identified acids could be estimated within 10 per cent for absolute amounts of 
more than 1 micro equivalent acid. Quantities as low as 0.3 micro equivalent 
were still detectable. BERNARD  A.  KOECHI,IN  521 
Aliquots of 4  to 8 micro equivalents of the unknown acid mixtures  were 
chromatographed together with appropriate standards. The chromatograms of 
the "remaining cation" fraction revealed four spots of R/0.26, 0.3~, 0.72, and 
0.86, the two closest spots not being clearly resolved. The Hg eluate fraction 
showed exclusively the R! 0.26 spot. The Hg acid fraction contained the three 
other  acids whereby, however, the fastest component was not recovered on 
elution with H2S. These findings permitted characterizing  the three fast spots 
as polycarboxylic acids and identifying the RI 0.86 spot with fumaric acid and 
the Rs 0.72 spot with succinic  acid. The RI 0.35 acid, referred to as acid "x" 
could not be identified  from  its  chromatographic  behavior.  Studies  of  the 
TABLE  V 
Acid,Base Balance in Squid Nerve A xoplasm 
Substance 
Concentration, 
micro equivalent: 
per  . 
Anions 
Chloride  140  4-  20 
Phosphates  24  4-  4 
Aspartic acid  i  65  4-  3 
Glutamic acid  [  10  4-  3 
Fumaric  acid }  ]154-5 
Snccinic acid 
Sulfonate "X"  !  35  4-  10 
Isethlonic acid  ]  220  4-  20 
[ 
Total anions ..........  [ 
Cations 
Potassium 
Sodium 
Calcium 
Magnesium 
Organic base 
(by difference) 
Substance 
Concentration, 
micro equiva[ents 
per gin. 
axoplasm 
344  -4-  20 
65  4-  10 
74-  5 
20  4-  10 
84  q-  20 
509  4-  20  Total base .......................  520  4-  20 
properties and  the possible identity of this acid will be discussed in  another 
connection. 
From  the  established  distribution  of  the  mercury-precipitable  and  non- 
precipitable fractions and the corrected quantitative values for the two identi- 
fied  acids  obtained  by titration  of  the  extracted  chromatogram  spots  the 
quantitative  distribution  of the four individual  acidic constituents  could be 
established  (Table V). The  quantitative  pattern was essentially identical  in 
all the extracts. Only the distribution of fumaric and succinic  acid appeared 
to vary with the preparation,  a fact which is readily explained by the known 
enzymatic  interconvertibility  of  the  two acids. 
Identification  of the Major Anion 
The major anion fraction contained in the Hg eluate appeared to be homoge- 
neous and could be prepared in sufficient  amounts (ca.  20 rag.  acid from 200 
axons)  to permit an investigation of its chemical constitution. Evaporation of 522  AXOPLASM OF  SQUID GIANT NERVE  FIBERS 
its aqueous solution in vacuo resulted in an oily and hygroscopic residue.  It 
could  be  sublimed  in  a  molecular  sublimation  apparatus  at  65-80°C.  and 
0.01 ram. pressure without being altered. The white and still amorphous sub- 
limate was soluble in water and ethanol, insoluble in ether; it was kept in a 
vacuum desiccator over P205 solidified to a partially crystalline mass. 
Equivalent  Weight 
Accurate and reproducible dry weights could be established with the barium 
salt.  Triplicate aliquots of ca.  10 micro equivalents each were titrated with 
standard Ba(OH), to pH 7,  transferred to tared flasks and dried to constant 
weight in vacuo at  65°C. 
9.76 (9.50, 9.80) naicro equivalents of the acid yielded 1.94 (1.89, 1.94) nag. of barium salt. 
Equivalent weight for the barium salt calculated: 199. 
Equivalent weight for the flee acid calculated: 131. 
Optical  Aclivity.--A  solution of 70 equivalents or 9.1  rag.  of the free acid 
dissolved in 2 ml. of water exhibited no measurable optical rotation. 
Characterization of the Acidic Function 
(a)  The Titratlon Curve  (Fig.  3)  indicated a  uniformly strong acidic func- 
tion of a pK near 2. The absence of a secondary inflection at a higher pH range 
suggested that the acid at hand was monovalent, a conclusion consistent with 
the fact that the acid was not precipitated on a  mercury or a  lead dowex-50 
column. The possibility that the acidic function was due to a carboxyl group 
was  eliminated  by  appropriate tests. 
(b)  Demonstration  of Sulfonate Function.--Aliquots  of the  dry anion  were 
digested in a  sealed  ampule with three drops of concentrated nitric acid for 
40 minutes in a sand bath at 200°C. The nitric acid was evaporated, the residue 
dissolved in 1 ml. of water, and 0.2 ml. aliquots of this solution were assayed 
for free sulfate by means of the modified quantitative  benzidine method  of 
Cuthbertson  and  Tompsett  (23,  24),  measuring  0.05  to  0.2  micromole  of 
sulfate. 
From 0.96 (0.38)  equivalent of the anion 1.0 ±  0.1  (0.41  ±  0.02) moles of 
sulfuric acid were liberated or 1.04 4-  0.1  (1.08 ±  0.1)  moles per equivalent 
anion.  Hydrolysis of the acid with N HC1 or N NaOH for 1 hour  at  100°C. 
did not liberate any detectable amount of sulfuric acid nor attack the acid in 
any other way. From the results it followed that the acidity of the anion was 
due entirely to a  sulfonate and not to a  sulfate ester function which could be 
expected to be hydrolyzed under the milder conditions applied. 
(c)  Demonstration of a Primary Hydroxyl Group.--Aliquots of the anion were 
oxidized with 0.15 ml. of a  standardized 0.1  molar solution of CrO3 in acetic 
acid  (30 micromoles of oxygen). The mixture was kept at room temperature 
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justed to exactly 1 ml. with acetic acid. Duplicate 0.2 ml. aliquots were with- 
drawn and titrated iodometricaUy with 0.1 N sodium thiosulfate solution using 
a misco microburette. A  reagent blank was  treated and titrated in the same 
manner. 
It was found that 7.7  (4.85) micro equivalents anion consumed 14.7  (10.0) 
micromoles oxygen or 1.91 (2.06) moles oxygen per equivalent. The remaining 
0.6 ml. of the oxidation mixture was fully reduced by short heating with a few 
drops of methanol. The resulting solution was freed of trivalent cationic chro- 
mium by passage through a short dowex-50-H column. Excess acetic acid was 
then removed by evaporation in vacuo at room temperature. The non-volatile 
residue  was  titrated  potentiometrically. The  titration  curve obtained  indi- 
cated the appearance of a second inflection near pH 4.5, 4.85 micro equivalents 
of original acid yielding 7.9  equivalents of divalent acid on CrO3  oxidation. 
Dinitrophenylhydrazine test  showed  that  no  keto  acid  had  been  formed. 
The possibility that the oxygen uptake was due to the oxidation of a  double 
bond was eliminated by demonstrating that no bromine was consumed by the 
anion in an acetic acid solution. The combined results indicated the presence 
of one primary hydroxyl group per equivalent of acid which is oxidized with 
an uptake of 2 moles of oxygen, per carboxyl group. The additional observation 
that no sulfuric acid was formed on chromic acid oxidation indicated that the 
primary hydroxyl and  the  sulfonate  group  were  not  at~ched  to  the  same 
carbon atom. 
Identification  with 2-Hydroxyethanesulfonic  Acid 
The demonstration of one primary hydroxyl and  one sulfonate group  at- 
tached to 2 different carbon atoms made it possible to account for practically 
all  of  the previously found  equivalent  weight.  The  properties  revealed  by 
degradation, together with the observed general characteristics, suggested the 
identity  of  our  acid  with  2-hydroxyethanesulfonic  acid  (isethionic  acid). 
Isethionic acid  was  synthesized by the  method  of  Culvenor  el  al.  (25)  for 
direct comparison with  the isolated acid by means of the following criteria: 
Infrared Absorption Spectra.--To  assure  adequate  solubility in chloroform 
both  the  isolated and  the  authentic  synthetic acid  were converted into  the 
methyl esters by reaction with diazomethane in ether-methanol solution. The 
infrared absorption was  kindly determined and  interpreted by Dr.  Jesse  F. 
Scott with a  Perkin-Elmer double beam instrument. The curves reveal essen- 
tially identical bands for the isolated and the synthetic compound. The two 
bands at 1155 and 1355 cm.  -1 respectively indicate a sulfonate ester. 
Further  more  or  less  distinct  bands  common  to  both  preparations  were 
located at 991, 1470,  1725, 2385,  2815,  2885,  and 3000 cm.-k A band at 1650 
cm.  -x  is found only for the ester of the isolated acid and  may be due to a 
minor contaminant. 
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Cohen, x-ray powder patterns were obtained of the material isolated from axo- 
plasm and the authentic synthetic substance. The main diffractions, occurring 
at 8.94, 5.37, 4.92, 4.36, 3.70, 3.53, 3.37,  2.96,  and 2.76 A,  were identical in 
both specimens. This constitutes further strong support of the correctness of 
the identification of the substance as isethionic acid. 
Comparison of tkv Sodium Salt.--The sodium salt of isethionic acid extracted 
with hot 95 per cent ethanol crystallizes on slow cooling. The resulting rhombic 
plates melt at  192°C.  The sodium salts  of the  isolated acid prepared in  the 
same fashion, melted at the same temperature, and if admixt with the known 
salt did not cause depression of its melting point. 
A  sample  of 15 rag.  isolated acid was  recrystallized and subjected  to ele- 
mentary carbon-hydrogen analysis3 
5.215 rag. gave 1.523 nag. of H20 and 2.904 rag. d  CO2 
Calculated  C ~  16.20 per cent  H =  3.35 per cent 
Found  C =  15.21 per cent  H -- 3.27 per cent. 
Paper chromatography revealed identical RI values and potentiometric titra- 
tion gave identical titration curves for the isolated and the synthetic acid. 
Cations 
Comparison  of our  total base  value,  obtained  by ion  exchange titration, 
with  the  reliable  values  for potassium  and  sodium  arrived  at  by  different 
methods by Steinbach  and  Spiegelman  (6)  and  Keynes and  Lewis  (7)  sug- 
gested that about 80 per cent of the total base was accounted for. The concen- 
tration of total individual inorganic cations, potassium, sodium, calcium, and 
magnesium,  were redetermined in one and the same extract. The values ob- 
tained by flame photometric determination, for which we are indebted to Dr. 
B. L. Vallee and Dr. K. Gardiner, were in agreement with those reported pre- 
viously (28,  29).  Although  the method used  does not  permit very accurate 
determination of magnesium and calcium in the presence of a  large excess of 
sodium and potassium, the correct values obtained can be considered reliable 
upper limits for these cations. The balance of the values found indicates the 
existence of a  significant base deficit of 80 micro equivalents per gin. of axo- 
plasm representing over 10 per cent of the total base. 
UV-Absorbing Nerve Constituents 
Total  axoplasm  exhibits  a  very strong  and  characteristic  UV  absorption 
with a maximum near 270 mtz which has been shown by Shanes (28) to reside 
primarily in  the dialyzable fraction. Our studies  showed  that  the absorbing 
material consists of two components with absorption maxima of 260 m/~ and 
t The analyses  were carried out at the Microchemical Laboratory, Massachusetts  Institute 
of Technology,  under the direction of Mr. Nagy. BERNARD  A. KOECHLIN  525 
274  m/~ respectively. The  260  m/z absorbing  factor, responsible for approxi- 
mately 30 per cent of the dialyzable extinction, could be separated from the 
274 m~ factor by precipitation with silver and lead ions or 90 per cent acetone 
and by its retention on strong anion exchange resin whereas both absorbing 
factors were retained by strong cation exchangers. It is partially bound to the 
protein fraction and is thus partly separated from the more readily dialyzable 
274  m~ factor on fractional dialysis. The observed properties  suggested nu- 
cleotide character. The partial extinction of this component at 260 m/z in un- 
diluted axoplasm was estimated to be near 38.  Assuming a  molar extinction 
factor of 14,000  (characteristic for purine nucleotides) its concentration was 
calculated  as  2.8  micromoles per  gm.  axoplasm.  Comparison  of  this  value 
with the ATP concentration of 2.0 arrived at above by pyrophosphate assay 
suggested that the absorbing factor represents essentially ATP. 
The major factor, absorbing at 274 m~, accounts for 70 per cent or more of 
the dialyzable UV extinction. Paper chromatographic analysis by the method 
of Carter (29),  precipitation with heavy metal ions, and the fact that its ab- 
sorption maximum is little affected by pH indicated that this absorbing sub- 
stance is not identical with any of the common purine or pyrimidine derivates. 
It is retained by strong cation exchangers but not by strong anion exchangers. 
It is soluble in acetone and is freely dialyzable. As this study was in progress 
it was suggested to us by Dr. H. M. Kalckar that our compound bore great 
similarity to, and was possibly identical with, N-methylpicolinic acid or ho- 
marine found by Hoppe-Seyler and others (30, 31) in extracts of lobster muscle 
and other marine tissue. Although direct comparison has not yet been possible 
it seems likely that the absorbing nerve factor and homarine may be identi- 
cal. This compound, which is a  dipolar substance, appears thus not to affect 
the acid-base balance. 
Observations made during three summers revealed that the concentration 
of this absorbing substance in axoplasm varies considerably. The extinction 
at 272 m/~ of undiluted axoplasm was as high as 245 for material prepared in 
May and June. This value dropped to 132 in August and 116 late in September. 
This drop was associated with a  shift of the over-all absorption maximum to- 
wards somewhat shorter wave lengths indicating a  selective loss of the 274 m/~ 
over  the  260  m#  absorbing  component.  Furthermore,  axoplasm  from  indi- 
vidual animals caught on the same day (in July)  showed significant varia- 
tion. So far we have failed to explain this variation and to associate it with a 
definite physiological state of the animal or specific environmental conditions. 
• Components of the High  Molecular Weight Fraction 
The high molecular weight fraction of squid axoplasm represents 26 to 28 
per cent of the total solids and has a nitrogen content of 12 to 13 per cent. 
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contains a  lipide soluble fraction representing 24 per cent of its total weight. 
This fraction could not be separated by direct extraction with a  chloroform- 
methanol mixture (2:1)  in the usual manner. It became extractable only fol- 
lowing precipitation of the high molecular weight material with trichloracetic 
acid or on addition of hydrochloric acid to the chloroform-methanol solvent. 
This finding suggests that the lipide is tied to the proteins by an unusually 
strong, possibly ester-like, bond. The lipide extract obtained contained a  con- 
siderable amount of protein as could be demonstrated by its pronounced UV 
absorption  near  280  m/z.  Following  evaporation  of  the  solvent  the  lipide- 
extracted proteins became insoluble in the chloroform-methanol solvent. Such 
a behavior is typical of the protein moiety of Folch's proteolipides (32). 
Studies of the composition of the lipide fraction were not pursued further 
because as this work was in process a  detailed analysis of the lipides of squid 
axoplasm  was  reported  by  McColl  and  Rossiter  (9)  and  their  results  ap- 
peared consistent in general with our preliminary observations. 
Carbohydrate.--Total carbohydrate, exclusive of pentose and glucosamine, 
was determined by the anthrone method of Loewus (33)  which by reduction 
of the volumes was able to measure 1 to 8 "r of carbohydrate, using glucose as 
a  standard.  The dialyzed protein fraction was found to  contain 0.45  4-  0.1 
per cent of carbohydrate or approximately one micromole of hexose per gin. 
of axoplasm. The glucosamine content of this fraction, determined by a micro 
adaptation of the method of Elson and Morgan (34)  as modified by Riming- 
ton (35),  was 0.25  4- 0.1 per cent. 
DISCUSSION 
The results of our analysis of the ion pattern of squid axoplasm summarized 
in Table V demonstrate that the identified anions are sufficient to balance the 
total base.  Considering the  fact  that  all  the  values  have  been  determined 
from identical extracts  and considering the  special method employed in es- 
tablishing the quantitative anion pattern,  the  conclusion is  justified that  a 
valid acid-base balance has been established and that none of its major com- 
ponents has been missed. The distribution pattern of the extracts might de- 
viate to some extent, for various obvious reasons, from the one which prevails 
in  the  living tissue,  a  possibility indicated by  the  observed  relatively high 
chloride values and minor variations for other constituents. Neither do our 
results exclude the presence of low or transient concentrations of other bio- 
logically significant acids. 
Consistent with the previous findings for other invertebrate nerves (6, 7) is 
the high concentration of aspartic acid in squid axoplasm, although its quan- 
titative contribution to the total anion balance is here of a  lower order. That 
the accumulation of this acid is specific  for nerve follows from Parker's (17) 
studies  which  showed  that  in  squid  muscle  (mantle)  the  concentration  of BERNARD A. KOECHLIN  527 
aspartic acid is less than 5 per cent of that found in axoplasm. The concentra- 
tion of total amino nitrogen is approximately equal in both tissues. The dem- 
onstration of significant quantities of fumaric and succinic acid is of interest 
in view of their close chemical relationship, as 4 carbon dicarboxylic acids, to 
aspartic acid. The implication of their metabolic interrelationship is obvious. 
Isethionic acid, the major anion of squid axoplasm, accounts for nearly 50 
per cent of the total anions. This acid, although known chemically for a  long 
time, has never before been reported to occur in biological material. Its bio- 
logical properties and relationship to other biological substances are not yet 
known and its general occurrence in biological fluids and its nerve specificity 
have  so  far  not  been  established.  Its  chemical  relationship  to  taurine,  its 
TABLE VI 
DistribuHon of the Known Components of Squid Nerve Axoplasm 
Component  Mg. per sm. of axoplasm 
Water ............................. 
Dry material ....................... 
High molecular  ................... 
Low molecular  .................... 
Inorganic cations ................ 
Chloride  ....................... 
Amino acids .................... 
Phosphates ..................... 
Dicarboxylic  acids  ............... 
Acid "x"  ....................... 
Isethionic acid .................. 
865  -4-  5 
135  -4-  5 
-4-0.5 
=1:0.5 
-4-.2 
-4-0.5 
4- 0.3 
-4-2 
-4-3 
35-4-  2 
100-4- 2 
16.5 
5.0 
25.0 
2.0 
1.2 
8.5 
28.0 
85.2  Total  ..........................................................  -4-  5 
amino analogue, which is found together with the new sulfonate in axoplasm 
in such high concentration, is noteworthy, and a metabolic relationship of the 
two is suggestive. Taurine has long been known as a typical tissue constituent 
most highly concentrated in fishes and invertebrates of marine origin. Recent 
studies have indicated that  this amino-sulfonate is, contrary to previous be- 
fief, not only an oxidative end-product (35)  but possibly a  key intermediate 
of sulfur metabolism (37) and also involved directly in biochemical processes 
(38). The discovery of its hydroxy analogue as a  constituent of a  biological 
fluid might help to advance our understanding of the pathways of sulfur me- 
tabolism.  Of more immediate interest for nerve research are the possible in- 
fluences of this strong intracellular acid on the electrical phenomena of nerve, 
its  interaction  with  other  nerve  constituents,  notably  the  cations,  its  be- 
havior towards the membrane, and many related questions  which  remain  to 
be answered. 528  AXOPLASM" OF  SQUID GIANT NERVE  I~IBERS 
Our fairly closely balanced values for axoplasmic  cations and anions indicate 
definitely that  high  molecular  weight  constituents  have  little  part  in  the 
binding of cation except, possibly, through  the few bound phosphate groups 
which might  bind some of the calcium  or magnesium ion. There is, however, 
an indication from our fractional dialysis experiments of some interaction of the 
axoplasmic salts with the high molecular weight fraction. It remains to deter- 
mine  the specific  constituents involved in  this  observed interaction  and  the 
degree and nature of their binding. 
The breakdown,  on a  weight basis,  of the found and measured  total axo- 
plasmic constituents, given in Table VI, reveals the dominance of the charged, 
small  molecular weight components; they represent at least 50 per cent of the 
total solids and 80 per cent of its dialyzable fraction. Less than 20 per cent of 
this fraction remains unidentified and this includes the organic bases which have 
not yet been characterized. 
SUMMARY 
Investigations dealing with  the determination  of the major chemical con- 
stituents of the axoplasm of the giant nerve fiber of the squid are described. 
Particular emphasis has been placed on determining the components involved 
in acid-base balance. 
It was found that  72 per cent of the total solids of axoplasm,  representing 
13.5 per cent of the wet material,  are of relatively low molecular weight (di- 
alyzable) and consist mainly of charged ionic or dipolar constituents. 
Of the 520 micromoles  per gm. of total base, 72 per cent are balanced by 
organic  acids:  aspartic  acid  (65  micro  equivalents  per  gin.),  glutamic  acid 
(10 micro equivalents), fumaric and succinic  acids  (15 micro equivalents),  a 
new polycarboxylic acid  (35  micro  equivalents),  and  isethionic  acid,  a  bio- 
logically novel sulfonic acid (220 micro equivalents). 
Besides potassium, sodium, small amounts of calcium,  and magnesium there 
is a considerable fraction of organic (nitrogenous) base. 
Other  features  of  the  chemical  composition of squid  axoplasm  include  a 
relatively high  concentration of taurine (100 micro equivalents) and an ultra- 
violet absorbing substance possibly identical with N-methylpicolinic acid. The 
distribution of the phosphates, especially the concentration of ATP, has been 
investigated. 
Specific techniques elaborated in connection with this study have been de- 
scribed  and  the  biochemical  implications  of  the  analytical  results  are  dis- 
cussed. 
The author is greatly indebted to Professor Francis O. Schmitt who initiated this investi- 
gation as part of a broad study of nerve function, structure, and composition. Thanks are due 
Dr. M. Maxfield for organizing the squid supply and a highly efficient team of dissectors; also 
to Miss D. Maddock and Mrs. H. D. Parish for competent assistance and to Dr. B. L. Vallee, BERNARD  A.  KOECHLIN  529 
Dr. K. Gardiner,  Dr. J. F. Scott, Dr. B. B. Geren  and others  whose  advice  and collaboration  were 
received. 
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